In this study, silver nanoparticles with controlled morphologies including spherical-like nanoparticles, and silver nanowires were synthesized in a sodium bis (2-ethylhexyl) sulfosuccinate (AOT) reverse ternary nano-emulsion system. The morphology and structure of the silver nanoparticles are characterized by scanning electron microscopy (SEM), transmission electron microscopy (TEM) and ultravioletvisible (UVvis) spectrum. The result shows that the molar ratio of water to surfactant (w) is crucial for the formation and structure of the nano-emulsion droplets. The controlling of the morphologies of the silver nanoparticles can be achieved through simply adjusting AOT concentration and the formation mechanism of the silver nanoparticles with tunable morphology has been proposed.
Introduction
In recent years, much attention has been paid to metallic nanoparticles due to their unique and improved mechanical, magnetic, electronic and optical properties. 14) As a result they can be used in many fields including catalytic materials, 5) photodetection, 6) bacteriostatic materials 7) and so on. Silver nanoparticles, as a nanomaterial of noble metals, have been widely explored for their applications in catalysis, 8) electronics, 9) surface-enhanced Raman scattering (SERS) 10) and many other fields. Silver nanoparticles could be prepared by many methods, including chemical reduction in aqueous or non-aqueous solutions, 11, 12) electrochemical reduction, 13) template method, 14) ultrasonic-assisted reduction, 15) photoinduced or photocatalytic reduction, 16) biochemical reduction, 17) irradiation reduction 18) and microwave-assisted synthesis. 19) Among these methods, nanoemulsion is an efficient method to control the size, shape and structure of the nanoparticles which have significant effects on their geometric features and properties. 20) Controlling the size, shape and structure of nanoparticles is important because of the strong correlation between these geometric features and their properties. Metal nanoparticles with controlled morphology may be produced within the reverse micelles, which act as microreactors and confine the nanoparticles' growth and control their morphological structures. However, most previous works on the synthesis of nanoparticles through reverse emulsion routes were focused on stabilizing specific forms rather than providing a strategy to systematically and freely direct the particle morphology. In this work, the nano-emulsions are formed by low energy emulsification method (self-emulsification) with n-heptane as the continuous phase, and sodium bis (2-ethylhexyl) sulfosuccinate (AOT) as the surfactant to form reverse nanoemulsions and the optimized system of nano-emulsions was determined via ternary phase diagram. Silver nanoparticles with tunable morphologies were synthesized by adjusting reaction parameters, including the molar ratio of water to surfactant (w), reaction time and the mass fraction of surfactant.
Experiment
Silver nitrate (>99.8% purity), ascorbic acid (>99.7% purity), n-heptane (>98.5% purity) and AOT (>96% purity) were purchased from China Medicine (Group) Shanghai Chemical Reagent Corp. All the chemical are of analytical grade and used without further purification except AOT which was purified by the published method.
21) The nanoemulsions system used in the research consists of n-heptane as the continuous oil phase, AOT as the surfactant, silver nitrate solution and ascorbic acid solution as the aqueous phase, respectively. For the determination of the phase diagrams, the desired amounts of AOT and n-heptane were weighted into test tubes, which were homogenized with a vibromixer, and then were placed in the water bath at 25°C. Afterwards the boundary lines drawn on the phase diagram were found by consecutive addition of the water, the silver nitrate solution or the ascorbic acid solution to the mixture, respectively. All samples were kept at 25°C for 24 h to equilibrate and the phase changes were monitored. 22) The mass fraction of surfactant, AOT, denoted as W AOT means the mass of AOT divided by the total mass of AOT and n-heptane mixture. The silver precursor and reducing agent used to prepare nano-emulsions are silver nitrate and ascorbic acid, respectively. The nano-emulsion compositions were selected according to the phase diagram, and silver nanoparticles were synthesized by mixing the equal volume of two types of nano-emulsions with same w drop by drop, and then reacted for 3 h. The molar concentrations of silver nitrate and ascorbic acid were kept at 0.1 and 0.3 M, respectively. Unless otherwise noted, W AOT was fixed at 0.01 for both types of nano-emulsion. The value of w was changed from 2 to 30 in this study to investigate its effect on silver nanoparticles characteristics. During the whole mixing and reaction process, the vigorous magnetic stirring was maintained at approximately 300 rpm at 25°C.
UVvis adsorption spectra were recorded with a UV-2010 UVvis spectrophotometer to confirm the formation of silver nanoparticles. Scanning electron microscope (SEM) images were taken on a Hitachi S-4800 electron microscope after the samples were dropped on to silicon wafers. Transmission electron microscope (TEM) images were taken on a JEM-2100 transmission electron microscope after the samples were dropped on copper grids.
Results and Discussion

Phase diagram of nano-emulsions
The phase diagrams were studied in order to determine the conditions and compositions for the formation of waterin-oil droplets and effect of the size and shape of the W/O-nano-emulsion droplets on the growth of nanoparticles. For that purpose the water emulsification failure boundary (wef b) of each nano-emulsion was determined as it is under the wef b where the water droplets are known to be nano-sized 23) . Besides, all of the experimental conditions represented in the phase diagram is well below the wefb location.
In the present study, the concentration of the silver nitrate solution and the ascorbic acid solution are kept at 0.1 and 0.3 M, respectively. The formation conditions of nanoemulsions solubilizing H 2 O, silver nitrate solution and ascorbic acid solution respectively are determined from the locations of wef b (Fig. 1) . The starting point for this study was the base system n-heptane-AOT mixture at AOT concentration being 0.030 mol/L of which the wef b was measured as a function of the solubilized aqueous solution (with or without precursor) contents. Then different base systems were taken with different AOT concentration in the range of 0.0300.633 mol/L. It can be seen that an increase in AOT concentration leads to a shift of the wef b towards higher water contents. Such shift is also observed from the nano-emulsion systems containing H 2 O, silver nitrate and ascorbic acid. The boundary of H 2 O-n-heptane-AOT nano-emulsion system is higher than that of the silver nitrate-n-heptane-AOT system, but lower than the boundary of the ascorbic acid-n-heptane-AOT nanoemulsion system. It indicates that the location of the boundary is also affected by the nature of the solubilized precursor. Experimental conditions for synthesis of silver nanoparticles were chosen below the wef b location with these phase diagrams so that the nano-emulsions systems can be homogeneous and stable.
Silver nanoparticles synthesis
The silver nanoparticles were synthesized by mixing the same volume of nano-emulsion containing the metal precursor with the nano-emulsion containing the reducing agent. The morphologies of the obtained silver nanoparticles were observed by SEM and TEM, respectively. Silver nanoparticles shown in the Fig. 2 are spherical-like particles and nanowires, respectively. Nano-emulsion methods are usually used to synthesize spherical-like nanoparticles as shown in Figs. 2(a) and 2(b) when w = 10. The size of the silver nanoparticles is about 30 nm. However, silver nanowires as shown in Figs. 2(c) and 2(d) can be also obtained by adjusting the w (= 25) in this system. The silver nanowires show average diameters of ³25 nm and length up to tens of micrometers. This result indicates that the shape and size of the nano-emulsion droplets were changed with the increase of the w. UVvis spectroscopy is a suitabale and effective method for monitoring the formation of silver nanoparticles. For silver nanocrystallites, the full width at half maximum (FWHM) and the inverse of the peak height are dependent on the particle size when the particle diameter is small. 24) Figure 3 shows the UVvis absorption spectra of the spherical-like silver nanoparticles and nanowires formed in the AOT nano-emulsion, and their resonance absorption was located at 400 and 412 nm, respectively, suggesting a morphology and size dependent optical behavior. The absorption peak is the characteristic peak of silver nanoparticles. The indirect coulomb interaction of one dimensional plasmons should be responsible for the redshift. 25) 3.3 Formation mechanism of silver nanoparticles Figure 4 illustrates the preparation process of silver nanoparticles. The reverse micellar structures are formed by the aggregation of amphilic AOT molecules into large anisotropic micelles. The mesostructure of micelles can be controlled according to the ternary phase diagram. The values of w were changed from 2 to 30 while keeping the other conditions fixed. Only spherical silver nanoparticles were obtained when w < 15. By increasing the w value to 15, the silver nanoparticles with transient morphology (from spherical to wire) were obtained. Furthe increase of w value will lead to the production of silver nanowires. With numerous experiments, it was found that w = 15 is the cut-off point. When the w < 15, the volume faction of surfactant reaches the critical concentration of globular micelles, and spherical micelles with aqueous phases inside occur. The reduction of silver in the aqueous phase inside the globular micelles leads to the formation of silver nanoparticles. Upon increasing the water content When w > 15, the concentration of the surfactant is below the critical micelle concentration. In this situation, the selective adsorption of the surfactants on the certain factes of the silver nanoparticles results in the anisotropic growth of silver nanowires.
Conclusions
In conclusion, we present a simple and effective method for large scale synthesis of silver nanoparticles with tunable morphologies in a H 2 O/n-heptane/AOT nano-emulsion system. The morphology of silver nanoparticles strongly depends on the molar ratio of water to surfactant and can be either nanoparticles or nanowires due to the change of structure of micelles. Since many materials can be prepared in such nano-emulsion system. The method presented here may be extended to the controlled morphogenesis of other functional nanomaterials. Synthesis of Silver Nanoparticles with Tunable Morphologies via a Reverse Nano-Emulsion Route
